Telomerase activity was examined by the telomeric repeat amplification protocol assay in 25 cases of lung adenocarcinoma, in relation to cancer cell differentiation, proliferation, and chromosome alterations. Telomerase activity, chromosome alterations, and cell proliferation assessed by Ki-67 labeling were significantly lower (P < .001 to .05) in well-differentiated (10 cases) than in moderately differentiated (8 cases) or poorly differentiated (7 cases) lesions. Telomerase activity by semiquantitative analysis with scoring of 0 to 3 was significantly correlated with similarly graded chromosome alterations (P < .05) and Ki-67 labeling indices (P < .002). Telomerase activity and chromosome alteration (T-C) indices generated by multiplication of telomerase activity and chromosome alteration scores also showed a significant correlation with cell differentiation. The Clara cell subtype, confirmed by electron microscopic analysis, significantly predominated in the well-differentiated group, showing a low grade of telomerase activity and chromosome alterations and low Ki-67 labeling indices, suggesting clinical relevance. No significant association of telomerase activity was found with p53 protein accumulation or Bcl-2 protein expression. The good correlation of telomerase activity with chromosome alterations, cell differentiation, and Ki-67 labeling indices suggests that this parameter might have potential application in estimation of prognosis.
tissues were available, after getting histopathologic diagnosis at surgical operation. Simultaneously, chromosome alteration and electron microscopic analyses were performed. In the present study, a total of 25 cases of surgically resected lung adenocarcinomas were randomly selected from the records in which fresh-frozen tissues for telomerase activity test were available and cytogenetic and ultramicroscopic analyses were also successful. Histologic observations were performed on hematoxylin and eosin-stained 4-m-thick sections of 10% buffered formalin-fixed and paraffin-embedded tissues. Adenocarcinomas were divided into well-, moderately, and poorly differentiated subtypes on the basis of histologic features according to the World Health Organization classification (15) . The tumor staging was performed based on the TNM classification (15) .
Electron Microscopic Analysis
Fresh cancer tissues were fixed with 2.5% glutaraldehyde for 2 h at 4°C and postfixed with 1% osmium tetroxide for 1 h. The samples were then dehydrated in graded ethanols up to 100% and embedded in a gelatin capsule of fresh epoxy resin. After polymerization, ultrathin sections were cut and stained with 3.5% uranyl acetate and Reynolds' lead citrate and examined with a transmission electron microscope (JEM 2000; Nippondenshi, Tokyo, Japan). According to ultrastructural features (16) , adenocarcinomas were classified as being of Clara cell type (more than 95%, peg-shaped cells or low columnar epithelial cells having many dense secretory granules and rough endoplasmic reticulum in their cytoplasm), fuzzy Clara cell type (predominantly Clara cells having several dense secretory granules, partially including bronchial surface or type II alveolar epithelial cells), bronchial surface cell type (tall columnar cells, cytoplasm rich in mitochondria and smooth-surfaced vesicles but devoid of secretory granules), type II alveolar epithelial cell type (many osmiophilic lamellar bodies in the cytoplasm) or mixed cell type (two or more types of cells).
Immunohistochemistry
Immunohistochemistry for Ki-67 labeling, p53 accumulation, and Bcl-2 expression was performed by a combination of the ordinary streptavidin-biotin peroxidase complex method (Histofine SAB-PO [M and R] kit; Nichirei Co., Tokyo, Japan) and microwave oven heating. Briefly, after deparaffinization, histologic slides bearing 4-m-thick sections were heated in 10 mM citrate buffer (pH 6.0) for three 5-min cycles using a microwave oven and then incubated overnight at 4°C with optimum dilutions of primary antibodies: rabbit antihuman Ki-67 (150 ϫ dilution; DAKO, Copenhagen, Denmark), Do-7 monoclonal for p53 protein (500 ϫ dilution; Novocastra Laboratories, Newcastle, UK), and antihuman Bcl-2 monoclonal antibody (100 ϫ dilution; DAKO). As positive controls, infiltrating lymphocytes were applied for Bcl-2 and a p53-positive esophageal carcinoma for p53. Ki-67 labeling indices (LI) were calculated as percentage values by counting more than 1000 nuclei of cancer cells. Immunopositivity for Bcl-2 was defined as negative (0), weak (1ϩ), moderate (2ϩ), or strong (3ϩ), in comparison with the positive controls, regarded as strong. On the basis of the percentages of Bcl-2-positive cells in the tumors, the lesions were subdivided into four categories according to scoring method of Sinicrope et al. (17) as follows: negative, no or fewer than 5% positive cells; 1ϩ, more than 5% but fewer than 30% positive cells; 2ϩ, more than 30% but fewer than 50% positive cells; 3ϩ, more than 50% positive cells. Immunoreactive scores for Bcl-2 indices were calculated by multiplication of the values for the two parameters. Positivity for p53 protein in cancer cells was defined as diffuse (Ͼ30%), focal (6 to 30%), or negative (0 to 5%) according to the previously reported method (18) .
Telomerase Assay
Fresh tumor and nontumor tissues were immediately frozen in dry ice isopentane and stored at Ϫ80°C until subjected to the telomeric repeat amplification protocol (TRAP) assay, as described by Kim et al. (1) and Wright et al. (19) . Briefly, lysates were prepared by powdering tissues frozen in liquid nitrogen, followed by homogenization in 200 /L ice-cold lysis buffer (10 mM Tris-HCl [pH 7.5], 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 5 mM ␤-mercaptoethanol, 0.5% CHAPS-10% glycerol) and incubation for 30 min on ice. The lysates were then centrifuged at 10,000 g for 20 min at 4°C, and the supernatants and precipitates were rapidly frozen separately and stored at Ϫ80°C. The protein concentration of each supernatant was determined by the Bradford assay (Bio-Rad, Hercules, CA).
Assay tubes were prepared by sequestering 0.1 g CX primer (5Ј-CCCTTACCCTTACCCTTACCCTAA-3Ј) under a wax barrier (Ampliwax; Perkin-Elmer Cetus, Foster City, CA). Supernatant samples equivalent to 6 g protein were assayed in 50 L reaction mixture ( for 90 seconds and then subjected to 31 polymerase chain reaction cycles of 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 45 seconds. The polymerase chain reaction products were then electrophoresed on 10% polyacrylamide gels.
Extracts from 10 3 , 10 2 , and 10 1 SiHa cells were applied with controls (internal telomerase standard [ITAS]) in every TRAP assay. The intensity of individual electrophoresed bands was measured with computer assistance using NIH Image version 1.58 software. To evaluate relative activity, values were compared with that for ITAS in each case and then semiquantitatively scored as 3, 2, and 1, respectively. Negative telomerase activity was scored as 0.
Analysis of Chromosome Alterations
Fresh tumor samples were examined with the method described elsewhere (20) . Briefly, after fine mincing without collagenase in a petri dish covered with 3 to 5 mL RPMI 1640 medium, disaggregated cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum plus antibiotics and antimycotics for 1 to 30 days. Metaphase cells arrested by exposure overnight to Colcemid (0.01 mg/mL) were treated with 0.075 M KCl hypotonic solution for 30 min at 37°C and then fixed in a 3:1 mixture of methanol:acetic acid. Chromosomes were analyzed using Q-band technique. Chromosome identification and karyotype designations were performed in accordance with the International System for Human Cytogenetic Nomenclature (21). After 10 or more metaphase cells were analyzed, chromosome alterations were classified and scored as follows: high-grade alteration, score 3 (Ͼ15 structure abnormalities, including marker chromosomes); medium-grade, score 2 (6 -15 abnormalities); low-grade, score 1 (1-5 abnormalities); no abnormalities, score 0.
T-C indices were calculated by multiplication of telomerase activity and chromosome alteration scores as an indirect marker of DNA abnormalities.
Statistical Analysis
Differences in telomerase activity, chromosome alteration scores, T-C indices, Ki-67 LI, and tumor staging between groups were statistically analyzed by the 2 test and the nonparametric MannWhitney U test, respectively. Multivariate analysis was performed with PSS logistic regression. Statistical significance was concluded with P values less than 0.05.
RESULTS
Results of the clinicopathologic comparison of lung adenocarcinomas for the various analytical categories are summarized in Table 1 . No significant differences were observed with regard to age, although male cases significantly predominated for the poorly differentiated as compared to the well-differentiated type (P Ͻ .05). No significant associations were found between tumor differentiation and stage (P ϭ .2481 between well-and moderately and P ϭ .0971 between well-and poorly differentiated adenocarcinomas, by comparisons of numerical values of each stage between two groups) or tumor sizes. Stage 1 lesions were significantly (P ϭ .0484) smaller than the others (2.8 Ϯ 0.9/4.3 Ϯ 1.7 cm). In the well-differentiated group, the Clara cell type significantly predominated, compared with moderately or poorly differentiated groups, respectively (P Ͻ .05, .01).
Telomerase activity was detected in 22 of 25 lung adenocarcinomas (92%) ( Table 1 , Fig. 1 ) but was negative in all paired samples of non-neoplastic lung tissue. Telomerase activity scores were 1.0 Ϯ 0.8 (mean Ϯ SD) in well-differentiated, 2.0 Ϯ 0.8 in moderately differentiated, and 2.4 Ϯ 0.5 in poorly differentiated types, respectively, the difference being significant between well-and moderately or poorly differentiated types (P ϭ .0330, .0047; Table  1 ). Telomerase activity was 1.3 Ϯ 0.9 in Stage 1 (n ϭ 12) and 2.1 Ϯ 0.9 in more advanced stages (n ϭ 13), respectively (not significant).
Chromosome alterations were detected in 21 of 25 adenocarcinomas (Fig. 2) , with scores of 1.0 Ϯ 1.1 in well-differentiated, 2.3 Ϯ 0.9 in moderately differentiated, and 2.1 Ϯ 0.9 in poorly differentiated types, respectively. Significant differences were evident between well-and moderately or poorly differentiated types (P ϭ .0368, .0248; Table 1) .
T-C indices were 1.0 Ϯ 1.2 for well-differentiated, 4.6 Ϯ 2.6 for moderately differentiated, and 5.1 Ϯ 2.3 for poorly differentiated types, with significant differences between well-and moderately or poorly differentiated types (P ϭ .0039, .0018; Table 1 ).
Ki-67 LI were 9.1 Ϯ 5.5% for well-differentiated, 22.4 Ϯ 6.5% for moderately differentiated, and 43.8 Ϯ 18.1% for poorly differentiated types, with the differences being significant between well-and moderately or poorly differentiated types (P ϭ .0019, .0006; Figs. 3 and 4) . p53 indices were 1.3 Ϯ 1.2 for well-differentiated, 2.6 Ϯ 0.7 for moderately differentiated, and 1.6 Ϯ 1.3 for poorly differentiated types, respectively, the differences not being significant. Bcl-2 indices were 1.9 Ϯ 2.1 for well-differentiated, 1.1 Ϯ 1.6 for moderately differentiated, and 0.7 Ϯ 1.5 for poorly differentiated types, respectively. Although not reaching significance, indices were decreased in the sequence leading from well-to poorly differentiated types.
A significant correlation between telomerase activity scores and Ki-67 LI was found in adenocarcinomas (Y ϭ 3.889 ϩ 11.169X, r ϭ .592, P ϭ .0018; Clara cell type adenocarcinomas (n ϭ 7; Fig. 7 ) showed significantly lower telomerase activity (0.9 Ϯ 0.9/2.1 Ϯ 0.7, P ϭ .0110), chromosome alterations (0.7 Ϯ 0.8/2.1 Ϯ 1.0; P ϭ .0065), T-C indices (0.7 Ϯ 1.0/4.3 Ϯ 2.6; P ϭ .0015), and Ki-67 LI (7.8 Ϯ 5.3/29.1 Ϯ 17.2; P ϭ .0011), compared with other types (n ϭ 18).
Multivariate analysis revealed significant differences between scores for chromosome alterations and telomerase activity (P ϭ .0331), chromosome alterations and p53 scores (P ϭ .0352), cell differentiation and T-C indices (P ϭ .0251), cell differentiation and Ki-67 LI (P ϭ .0151), and stage and tumor size (P ϭ .0484).
DISCUSSION
Recent work on telomerase activity in germline cells and cancers has demonstrated that this enzyme, thought to be involved in maintaining telomere length and stability, is associated with immortalization and continuous growth of cells (4, 22). (2)). Telomerase expression with our scoring system was not found to be linked to cancer cell progression, although in the report of Albanell et al. (22) , significantly higher scores were observed for nodal metastasis than in nonmetastatic cases. In the present study, the difference between Stage 1 and more advanced stage did not reach significance, possibly because of the small number of cases. However, our findings for telomerase activity of lung adenocarcinomas pointed for the first time to a significant relation with tumor cell differentiation, as observed for thyroid tumors (14) and colorectal carcinomas (5) .
The positive association between telomerase activity and cancer cell proliferation as assessed by the Ki-67 labeling (24) found here is in line with data for non-small cell lung cancers (23), breast cancers (8), thyroid tumors (14), and colorectal car- cinomas (5). Furthermore, normal human lymphocytes and hematopoietic progenitor cells strongly express telomerase after mitogenic stimulation (25, 26) . It was also recently shown (27) that the endometrium in the proliferative phase expresses telomerase activity, similarly suggesting a link with cellular proliferation and dedifferentiation. The grading score of telomerase activity showed a significant correlation with chromosome alterations that also have an intimate relation with tumor progression (28 -30) . This fact suggests that the acquisition and increase of telomerase activity correlate well with genetic alterations in lung tumorigenesis that might be responsible for allowing continued proliferation. Accordingly, T-C indices generated by multiplication of the two scores might be a good parameter for prognostic estimation, although assessment of the clinical outcome was not possible, because most of the cases examined in the present work were obtained in 1995-1997. 3 SiHa cells with positive telomerase activity; lane 2, lysis buffer (as negative control); lanes 3 and 4, lung adenocarcinoma (T; poorly differentiated type) and noncancer lung tissue (N) from Case 23; lanes 5 and 6, lung adenocarcinoma (T; moderately differentiated type) and noncancer lung tissue (N) from Case 18; lanes 7 and 8, lung adenocarcinoma (T; well-differentiated type) and noncancer lung tissue (N) from Case 8. According to the relative intensity to internal telomerase standard, the telomerase activity was scored as 3, 2, and 1 in lanes 3, 5, and 7, respectively. FIGURE 2. Chromosome alterations in a lung adenocarcinoma (Case 21). The chromosome alteration score was 3 as follows: The modal chromosome number was 80. 73ϳ81 less than 4n more than, XX, ϪY, ϪY, Ϫ1, Ϫ1, add(2)(q37 ϫ 2, ϩ5, add(5)(q31 ϫ 3, del(6)(q25 ϫ 2, der(6)t(6;9)(q13;q12) ϫ 2, ϩ7, ϩ7, Ϫ9, Ϫ9, Ϫ12, Ϫ13, Ϫ13, del(13)(q32q33 ϫ 2, Ϫ14, Ϫ14, add(15)(p13 ϫ 2, add(15)(q26 ϫ 2, Ϫ17, Ϫ17, Ϫ19, Ϫ20, add(21)(p13 ϫ 2, Ϫ22, Ϫ22, Ϫ22, Ϫ22, ϩmar1x2, ϩmar2x2, ϩmar3, ϩ0ϳ3mar [cp10] FIGURE 3. Well-, moderately, and poorly differentiated types of lung adenocarcinomas stained with hematoxylin and eosin (A, B, and C) and Ki-67 labeling (immunostaining) in semiserial sections (D, E, and F), respectively (original magnification, ϫ400). In the present work, Clara cell type carcinomas showed significantly lower scores for telomerase activity, chromosome alterations, and T-C indices than other types of carcinomas, suggesting that they constitute a relatively benign entity.
Although an inverse correlation between p53 and Bcl-2 expression during progression of colorectal carcinomas has been reported (17) , there was no significant correlation with telomerase activity scores in our lung adenocarcinoma series. Although this indicates a lack of any intimate relationship with regulation of the cell cycle, this point remains to be clarified, for example by p53 gene mutation analysis.
In conclusion, the present data for lung adenocarcinomas point to a special relationship among telomerase activity and chromosome alterations, tumor cell differentiation, and proliferation. 
